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SUMMARY

This paper presents a summary of the transmission diagnostics research work conducted at NASA

Lewis Research Center over the last four years. In 1990, the Transmission Health and Usage Monitoring

Research Team at NASA Lewis conducted a survey to determine the critical needs of the diagnostics

community. Survey results indicated that experimental verification of gear and beating fault detection

methods, improved fault detection in planetary systems, and damage magnitude assessment and

prognostics research were all critical to a highly reliable health and usage monitoring system. In response

to this, a variety of transmission fault detection methods were applied to experimentally obtained fatigue

data. Failure modes of the fatigue data include a variety of gear pitting failures, tooth wear, tooth fracture,

and bearing spalling failures. Overall results indicate that, of the gear fault detection techniques, no one

method can successfully detect all possible failure modes. The more successful methods need to be

integrated into a single more reliable detection technique. A recently developed method, NA4*, in addi-

tion to being one of the more successful gear fault detection methods, was also found to exhibit damage

magnitude estimation capabilities.

INTRODUCTION

Transmission diagnostics is becoming an increasingly important area of research within the

rotorcraft community as transmission fault related accidents and fleet groundings continue to plague

helicopters at an increasing rate. An investigation of serious rotorcraft accidents that were a result of

fatigue failures showed that 32 percent were due to engine and transmission components (ref. 1). In
addition, governmental aviation authorities are demanding that, in the near future, the safety record of

civil helicopters must match that of conventional fixed-wing turbojet aircraft. Practically, this can only be

accomplished with the aid of a highly reliable, on-line Health and Usage Monitoring (HUM) system.

Although a variety of organizations are working in this area, only a few are working on the development

and experimental verification of the basic elements of a HUM system. As a result, a HUM research team

was formed to address current and future technology barriers in transmission diagnostics, utilizing the

unique experimental facilities at NASA Lewis Research Center.
In 1990, the HUM research team conducted a survey to determine the critical needs of the diag-

nostics community. Participants of the survey included key personnel in U.S. industry and government

agencies who work in or have direct influence on transmission diagnostics. In the survey the participants
were asked to rate the need of a number of proposed research areas. Each of the research areas were rated

individually as either critically needed, moderately needed, or not needed in the overall effort of develop-

ing a highly reliable HUM system. Results of the survey are presented in table I. As seen in the table,

verification of current, state-of-the-art gear and bearing diagnostic methods and damage level assessment

were deemed critical to the development of a highly reliable HUM system by a large majority of partici-

pants. A majority of the participants also considered prognostics and improving fault detection in plan-

etary systems to be critical HUM research areas. To address these key areas, the HUM team initiated a



numberof research projects that use the gear fatigue test rigs at NASA Lewis for experimental
verification.

Several projects involved applying a number of state-of-the-art and newly developed gear fault

detection techniques to experimental data from a spur gear fatigue rig, spiral bevel gear fatigue rig, and a

face gear fatigue rig to verify and compare their relative performance. FM0, a coarse fault detection

parameter, and FM4, an isolated fault detection parameter are the most widely referenced time domain

discriminant methods for gear fault detection (ref. 11). M6A and M8A are variations of FM4, where the

sixth and eighth statistical moments of the time signal are used to detect surface damage (ref. 9). The

instantaneous phase of the demodulated time signal is used to detect gear tooth cracks and spalls (ref. 10).

The instantaneous frequency of the demodulated time signal is also used as a method to detect gear tooth

surface damage (refs. 7 and 8). NA4* and NB4* are methods recently developed at NASA Lewis to

provide early detection of gear tooth surface damage and to continue to react to the damage as it spreads

and grows in severity (ref. 13).

Another project focused on improving planet gear fault detection in an epicyclic system. Standard

time synchronous averaging techniques cannot be applied to planet gears in an epicyclic system. To

improve gear fault detection in a planetary system, an enhancement technique was developed to obtain the

individual vibration signal for each planet in the system (ref. 5).

Several other projects involved applying more general fault detection techniques to experimental

data, using the test rigs at NASA Lewis. A new pattern classification technique (ref. 2) was applied to

experimental data from NASA's 500 Hp helicopter transmission test rig in which a variety of gear and

bearing failures were recorded. This method is similar to a neural network. However, unlike a neural

network, it requires only a minimum amount of training. General failure detection using an on-line oil

debris monitoring device was also evaluated using the experimental data from the 500 Hp transmission

test rig (ref. 6). A joint time-frequency domain method, based on the Wigner-Ville Distribution, was

recently developed to detect gear and beating failures in a gear transmission system (ref. 3). This new

joint time-frequency domain method was applied to spiral bevel gear fatigue data to determine the appli-

cability of this method in predicting gear faults.

The ultimate objective of all of the research work described above is to enable the development of

a highly reliable HUM system. Experimental verification of the fault detection methods, and improve-

ments in the ability to detect gear and bearing faults in a transmission system are crucial steps in the

overall process of developing a highly reliable HUM system.

This paper reviews each fault detection method and device evaluated, and summarizes their

results and relative performance when applied to experimental data. Based on individual and comparison

results, some general conclusions are presented.

TEST APPARATUS AND SAMPLE RESULTS

All of the experimental data used to verify the various fault detection methods was obtained using

a number of test rigs operating at NASA Lewis Research Center. These rigs are: the spur gear fatigue rig,

the spiral bevel gear fatigue rig, the face gear fatigue rig, and the 500 Hp transmission test rig. The

primary purpose of these rigs is not for diagnostic studies, however, due to the nature of the tests being

conducted on them, these rigs have become a valuable source of data for transmission diagnostics
research. A short description of each rig, along with an example of the resulting experimental data ob-

tained on each rig is given in the following paragraphs.

A graphical sketch of the spur gear fatigue rig at NASA Lewis is shown in figure 1. The primary

purpose of this rig is to study the effects of gear materials, gear surface treatments, and lubrication types

on the surface fatigue strength of aircraft quality gears. The test gears are run offset to maximize contact

stress, while minimizing bending stress. Vibration data from an accelerometer mounted on a beating end

plate was captured on a personal computer with an analog to digital conversion board. The test gears are
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standardspurgearshaving28teethandapitchdiameterof 88.9mm(3.50in.).Thegearswereloadedto
74.6Nm(660in./lb)atanoperatingspeedof 10000rpm.Figure2showsasampleof theheavypitting
damagefoundonageartoothsurfaceattheendof atestonthespurgearrig.A totalof fivetestsonthis
rigweremonitoredandrecordedforgeardiagnosticsresearch.Theprimarymodeof failureonall five
testswassurfacepitting,rangingfromlightandmoderatepittingonasingletoothto heavypittingand
spallingoveramajorityof thegeartoothsurface,onanumberof teeth.

A graphicalsketchof thespiralbevelgearfatiguerig isshownin figure3.Theprimarypurpose
of thisrig isto studytheeffectsofgeartoothdesign,gearmaterials,andlubricationtypesonthefatigue
strengthof aircraftqualityspiralbevelgears.Theuseof thisfatiguerig for diagnosticstudiesisextremely
practical,sincespiralbevelgearsareusedextensivelyin helicoptertransmissionstotransferpower
betweennonparallelintersectingshafts.Vibrationdatafromanacceleromctermountedonthepinion
shaftbearinghousingwascapturedusingapersonalcomputerwithananalogtodigitalconversionboard.
The12-toothtestpinion,and36-toothgearhavea 1in. facewidth,anda90degreeshaftangle.The
piniontransmits720Hp,atanominalspeedof 14400rpm.Figure4illustratesthedamageonthepinion
atthreedistincttimesduringasinglefatiguetest.Asseenin figure4(a),asmallpitwasfrrstseenwhen
therig wasshutdownat5.5hr.Thedamagespreadtocovermorethan75percentof thetoothat 12.03hr,
asseenin figure4(b).At theendof thetest,17.79hr intotherun,thedamagecoveredthemajorityof
threeadjacentteeth,withonetoothexperiencingapartialtoothfracture,asseenin figure4(c).

Anotherspiralbevelgearfatiguerig,similartotheoneshownin figure3,isalsousedto runface
gearfatiguetests.Theapplicationof facegearsto aircrafttransmissionsispartof anadvancedrotorcraft
transmissiontechnologyprogram.Facegearshadneverbeentestedathighspeedsandhighloads.The
primaryobjectivesof thefacegearfatiguetestsweretodeterminetheloadcapacityandtheprimary
failuremechanismforthistypeof gear.A standard28toothspurgeardrivesthe107toothfacegearat19
107rpmwith600in./lboftorque.Again,vibrationdatafromanaccelerometermountedonthepinion
shaftbearinghousingwascapturedusingapersonalcomputer.A totalof fourfacegearfatiguetestswere
monitoredandrecordedfor geardiagnosticsresearch.Toothfractureandgeartoothsurfacepittingwere
theprimaryfailuremodesforall fourtests.Thedamagerangedfrompittingwithpartialtoothbreakage
ononetestto severepittingwithcompletetoothfractureof severalteeth,asillustratedin figure5.

A graphicalsketchof the500HptransmissiontestfacilityatNASALewisisshownin figure6.
Theprimarypurposeof thisrig is toperformbasicresearchonacompletehelicoptertransmissionsystem.
Thefivetestsperformedonthisrig, listedin tableII, weredoneasajoint NASA/Army/Navyadvanced
lubricantsresearchprogram.Themainobjectiveof thisprogramwastodeterminetherelativeeffectsof
varioustransmissionlubricantsonthefailureof criticalcomponents.AnOH-58helicoptermainrotor
transmissiongearboxwasusedin thistest.Vibrationsignalsfromanumberof accelerometersalongwith
oil sampleswereobtainedthroughouteachtest.Asseenin tableII, damagein thetestsrangedfrom
micro-pittingonbearingsto geartoothspallsandheavywear,andhousingcovercracks.

GEARFAULTDETECTIONMETHODS

A numberof previouslypublishedandnewlydevelopedmethodsto specificallydetectdamageon
gearteethwereappliedtoexperimentaldatafromthespurgearfatiguerig, spiralbevelgearfatiguerig,
andthefacegearfatiguerig.Theprimarypurposewastoverify thevariousmethodswithnaturally
occurringfaultsandtodeterminetheirrelativeperformance.Somebasictheorybehindeachmethod
alongwithanoverviewof theresultsobtainedusingeachmethodaregivenbelow.

MethodFM0is formulatedtobearobustindicatorof majorfaultsin agearmeshbydetecting
majorchangesin themeshingpattern(ref.1I). FM0is foundbydividingthepeak-to-peaklevelof the
signalaveragebythesumof themeshfrequencyanditsharmonics.In majortoothfaults,suchasbreak-
age,thepeak-to-peakleveltendsto increase,resultinginFM0increasing.Forheavydistributedwearor
damage,thepeak-to-peakremainssomewhatconstantbut themeshingfrequencylevelstendtodecrease,



resultinginFM0increasing.Exampleresultsof methodFM0areshownin figure7.Theresultsshownin
figure7illustratetheinconsistentnatureof methodFM0.It reactedto thepittingdamageinspurgeartest
number2 (fig.7(a)).Howeverit gaveconfusingresultswhenappliedto thespiralbevelfatiguetest(fig.
7(b))anderraticresultswhenappliedto facegearfatiguetestnumber5(fig.7(c)).Asseenin figure7(c),
for thefacegeartests,FM0fluctuatedradicallyundernominalconditionsandincreasedonlyminimallyat
theendwhentwoteethbrokeoff thegear.In addition,valuesforF'7_0undernominalconditionswere
differentforeachtest.

MethodFM4wasdevelopedto detectchangesin thevibrationpatternresultingfromdamageona
limitednumberof teeth(ref.11).A differencesignalis firstconstructedbyremovingtheregularmeshing
components(shaftfrequencyandharmonics,primarymeshingfrequencyandharmonicsalongwith their
first ordersidebands)fromtheoriginalsignal.FM4isobtainedbycalculatingthefourthnormalized
statisticalmoment(normalizedkurtosis)of thisdifferencesignal.Foragearingoodcondition,the
differencesignalwouldbeprimarilyGaussiannoise,resultinginaFM4valueof 3(nondimensional).
Whenoneor twoteethdevelopadefect(suchasacrackorpitting)apeakorseriesof peaksappearin the
differencesignal.FM4will reactby increasingto avalueabovethenominalvalueof three.Example
resultsof methodFM4aregivenin figure8.As seenin thisfigure,FM4respondedtothepittingdamage
in spurgeartestnumber2 (fig.8(a)),andthepittingandmultipletoothfracturedamagein facegeartest
number5(fig. 8(c)).FM4gaverelativelyconsistentresultsbydetectingthedamageinamajorityof the
spurgearandfacegearfatiguetests.FM4didnotreactto lightpittingdamageonaspurgeartestnortoa
partialtoothfractureonafacegeartest.FM4alsodidnotgiveaconsistentresponseto thestartand
progressionof pittingdamagein thespiralbevelfatiguetest,asseenin figure8(b).FM4alsorevertsback
to nominallevelsasdamagespreadsto morethanoneor twoteeth.

MethodsM6AandM8Aarevariationsof thesixth(M6)andeighth(M8)normalizedstatistical
momentsproposedtodetectsurfacedamageusingvibrationsignals(Martin,1989).M6AandM8A are
appliedtothesamedifferencesignalasdefinedin thedefinitionof FM4.ThebasictheorybehindM6A
andM8A isthesameasthatforFM4,exceptM6A andM8A shouldbemoresensitiveto peaksin the
differencesignal.Thevaluefor nominalconditionsis 15for M6A,and105forM8A.Figures9and10
giveexampleresultsof methodsM6A andM8A, respectively,asappliedtospurgeartestnumber2.As
seenin figures8and9,M6AandM8AexhibitresponsepatternssimilartotheresultsofFM4,withno
significantadvantageovermethodFM4.Theseresultsaretypicalfor methodsM6AandM8A.

A phasedemodulationmethodwasdevelopedtodetectlocalgeardefectssuchasfatiguecracks,
pitsandspalls(ref. 10).Thebasictheorybehindthistechniqueis thatageartoothdefectwill produce
sidebandsthatmodulatethedominantmeshingfrequency,In thismethodthesignalisbandpassedfiltered
aboutadominantmeshingfrequency,includingasmanysidebandsaspossible.TheHilbertTransformis
thenusedtoconverttherealband-passedsignalintoacomplextimesignal,oranalyticsignal.Usingthe
realandimaginarypartsof theanalyticsignal,theinstantaneousphase(I.P.)canbeestimatedfromthe
filteredsidebands.Teethwithsurfacedamage,orafatiguecrack,will causealeador lagin toothcontact
duringmeshing,resultingin transientchangesin thegearrotation,whichwill bereflectedin theI.P.
function.Figure11givesanexampleof applythephasedemodulationmethodto thespiralbevelfatigue
test.Asseeninthis figure,thestandarddeviationof theI.P.doesincreaseaftertheinitialpit is formed.
Thismethod,however,issensitivetonoisein thesignal,asillustratedbytherandomfluctuationsin the
responseplotshownin figure11.

Thefrequencydemodulationmethodiscalculatedbydeterminingtherateof changeof the
instantaneousphase(refs.7and8).Thisrateof change,or instantaneousfrequency(I.E),issensitiveto
thetransientrotationalspeedchangescausedbyteethwithsurfacedefects,or rootcracks,goingthrough
themeshingprocess.Theinstantaneousfrequencyandinstantaneousphasearedifferentrepresentationsof
thesamephysicalphenomenon,howevertheinstantaneousfrequencyis,bydefinition,moresensitive.A
smallchangeinphasewithinaveryshorttimewouldresultinacorrespondinglylargechangein theI.F.
TheI.E is alsocalculatedfromabandpassedportionof thetimesignal,usingtheHilbertTransform.
Figure12illustratestheresultsof applyingthefrequencydemodulationmethodtothespiralbevelfatigue



testdata.Theusefulnessof this method is limited by its extreme sensitivity, as evident by the large

random variations in the I.E plot shown in figure 12.

NA4* is a method recently developed at NASA Lewis to not only detect the onset of damage, but

also to continue to react to the damage as it increases (ref. 13). A residual signal is first constructed by

removing regular meshing components from the signal (shaft frequency and harmonics, primary meshing

frequency and harmonics). The fourth statistical moment of the residual signal is then divided by the

average variance of the residual signal, raised to the second power. The average variance is the mean

value of the variance of all previous data records in the run ensemble. In addition, the average variance is

"locked" when the instantaneous variance exceeds predetermined statistical limits. With this method, the

changes in the residual signal are constantly being compared to a weighted baseline of the specific system
under nominal, or "no fault" conditions. NA4* is dimensionless, and as with FM4, gives a value of 3

under nominal conditions. Typical results of method NA4* are shown in figure 13. As seen in this figure,

NA4* reacted to and increased with the growing pitting damage found in both spur gear test number 2

(fig. 13(a)) and in the spiral bevel gear fatigue test (fig. 13(b)). NA4* also reacted to the heavy wear in

face gear test number 5, and had a dramatic response to the fractured teeth at the end of the test. Overall,

NA4* detected damage on a majority of the spur gear tests and on all of the face gear tests. NA4* gave a

delayed reaction to moderate pitting damage in one spur gear test. NA4* reacts to a variety of gear

damage modes ranging from minor gear damage on a single tooth, to major damage over a number of
teeth. NA4* also exhibits the ability to increase with progressing gear damage, as seen in figure 13. NA4*

is, however, sensitive to speed and load changes, as illustrated by the speed and load induced spikes

experienced during the spiral bevel test, figure 13(b).

NB4* is a method developed at NASA Lewis to give a more robust indication of gear tooth

damage (ref. 13). NB4* uses the envelope of the signal bandpassed about the dominant meshing fre-

quency. A complex time signal is created in which the real part is the band-passed signal, and the imagi-

nary part is the Hilbert transform of the signal. The envelope is the magnitude of this complex time signal,

and represents an estimate of the amplitude modulation present in the signal due to the sidebands. Ampli-

tude modulation in a signal is most often due to transient variations in the loading. The basic theory

behind this method is that a few damaged teeth will cause transient load fluctuations unlike the normal
tooth load fluctuations, and thus be observed in the envelope in the signal. Similar to the development of

NA4*, NB4* is found by calculating the fourth statistical moment of the envelope, and then dividing it by

the average variance of the envelope, raised to the second power. With NB4*, the changes in the envelope

are constantly being compared to a weighted baseline of the specific system under nominal, or "no fault"
conditions. NB4* is dimensionless with a value of 3 under nominal conditions. Typical results of method

NB4* are shown in figure 14. Overall, NB4* gave robust reactions to the detected damage on a majority
of the tests. NB4* does, in some instances, fail to maintain a warning level, even as the damage is present

and in some cases increasing. This can be observed in NB4*'s decrease to nominal conditions after

detecting damage in spur gear run number 2 (fig. 14(a)), and in the spiral bevel gear fatigue test (fig.

14(b)).

ADVANCED PLANETARY DIAGNOSTIC METHOD

A new technique was developed to extract the vibration signature of each planet gear in a plan-

etary system (ref. 5). Due to the epicyclic nature of a planetary system, standard time synchronous

averaging techniques applied to "fixed axis gears" cannot be applied to planet gears. Attempting to use
standard time averaging techniques would result in a composite vibration signal of all of the planets in the

planetary system. With this, it would be difficult to detect a single fault on only one planet gear, as the

composite signal is basically the average of the faulted planet gear vibration with the vibration of all other

planet gears in the system. An enhancement technique was thus developed to obtain the individual

vibration signal for each planet in the system. Gear fault detection techniques could then be applied to



eachplanetonanindividualbasis.Thenewmethodusesthehuntingtoothperiodaveragedvibration
signalandplanetarydesigninformationtoobtainindividualplanetvibrationsignals.Thehuntingtooth
periodaverageis thesynchronouslyaveragedvibrationsignaturefor acompletehuntingperiod,withthe
synchronizationbasedontherotationalspeedof thecarrier.An enhancedplanetaryvibrationaverage
(EPA)algorithmis thenusedtore-sampleandaveragethehuntingtoothsignalaverage.TheEPAalgo-
rithmisusedtobreakdownthehuntingtoothperiodsignal,andreconstructtheindividualplanetsignals
usingplanetphasingandotherplanetarydesigninformation.Resultsof applyingtheEPAalgorithmto a
simulatedplanetarysystemis illustratedin figure15.A singletoothfaultwasimplantedonplanetnumber
I of afourplanetplanetarymodel.TheEPAalgorithmwasusedtoobtaintheindividualvibrationsignals
for eachplanetin thesystem.Theresultingvibrationsignalforplanetnumber1,seenin figure15(a),
clearlyindicatesthedamagedtoothimplantedonplanetnumber1.Theresultingvibrationsignalof one
of theundamagedplanetgears,seenin figure15(b),showsonlyminoreffectsfromtheimplantedfaulton
planetnumber1.

GENERALFAULTDETECTIONMETHODS

Severalgeneralfaultdetectionmethodswereappliedtoexperimentaldatafromthetestrigsat
NASALewis.Thesemethodsarenotspecificto oneelementinatransmission,aswiththegearfault
detectionmethods.Theprimarypurposewastoverifythevariousmethodswithnaturallyoccurring
faults.Somebasictheorybehindeachmethod,alongwithanoverviewof theresultsobtainedaregiven
below.

A newpatternclassificationmethodwasdevelopedasanalternativetosingle-parameterbased
diagnosis(ref.2).Thenewtechniqueusesanarrayof postprocessedparameterstodetectandidentifya
failure.It issimilarto anartificialneuralnet,in thatit alsousesnonparametricpatternclassificationin its
model,thusatlowingit to beindependentof theprobabalisticstructureof thesystem.Unlikeaneuralnet,
however,thisnewmethoddoesnotrequireanextensiveamountof trainingto minimizefalsealarmsand
undetectedfaults.Thenewmethodusesavectorof processedmeasurementsthatareconvertedto binary
numbersthroughaflaggingoperation.Theflaggingoperationisusedto detecttheexistenceof afault.
Whenafaultisdetectedthevectorof binarymeasurements,or flaggedvector,isanalyzedthrougha
diagnosticmodelthatproducesaresultingfaultvector.Thisfaultvectoris arankingof thepossiblefaults
accordingto theirprobabilityof occurrence.Thediagnosticmodelutilizesamulti-valuedinfluence
matrix,whichrepresentsavarietyof faultconditions,for comparisonwiththeflaggedvectorinorderto
determinefaultprobabilities.Thenewmethodwasappliedtoexperimentaldatafromthefivetests
conductedonthe500Hp transmissiontestrig,aslistedin tableII. A standardneuralnetworkwasalso
appliedtothesamedataforcomparison.Thevibrationdatawaspostprocessedusingacommercial
systemto producetheinputdatafor thepatternclassifierandneuralnetwork.Asseenin tableIII, eigh-
teendifferentcombinationsof thefivetestswereusedfor trainingdatasets.Asshownin tableffl, the
newpatternclassificationmethodoutperformedtheneuralnetin amajorityof thecases,withfewer
undetectedfaultsandfalsealarms.Asshownin tableIV,onaveragethenewpatternclassificationmethod
produceslessfalsealarms,andonlyhalfasmuchundetectedfaultsasastandardneuralnet.

An oil debrismonitoringdevicewasevaluatedto determineitseffectivenessatdetectinggeneral
failures(ref.6).Anothermeansof detectinggearandbeatingfailuresisbymonitoringtheamountand
increasein amountofferromagneticdebrisin thetransmissionoil.Thepitting,spallingandexcessive
wearof transmissioncomponentswill resultin anincreaseof ferromagneticdebrisin theoil. Theoil
debrismonitoringdevice(ODMD)testedconsistsof asensingcoil,trappingmagnetandmicro-controller.
Asoil passesthroughthesensingcoil,thetrappingmagnetisrepeatedlyenergizedandde-energized.
Whenenergized,ferromagneticdebrisiscollectedalongthesensingcoil.Thesensingcoil is theinductive
componentof aradiofrequencyoscillator.Asdebrisiscollectedonthecoil,theinductanceincreasesand
theoscillatorfrequencydecreases.Theratioof thefrequencychangeto trappingtimeintervalispropor-



tionalto thebulkconcentrationof ferromagneticdebris.TheODMDwasinstalledfor thefivetests,as
listedin tableII, conductedonthe500Hptransmissiontestrig.Thecapabilityof theODMDtodetect
transmissioncomponentfailureswasnotdemonstrated.Twoof thefivetestsproducedlargeamountsof
debris,however,twoseparateODMDsensorsfailed,possiblydueto prolongedexposureto relatively
highoil temperatures.TheODMDresultswerefoundtobeextremelysensitiveto oil temperatureand
flow rate.

A joint time-frequencyanalysisapproachwasappliedtoexperimentaldatatodetermineitsability
to detecttransmissionfaults(ref.3).Althoughthemethodcanbeusedto detectgearandbearingfaults,
its firstapplicationwastoverify itsabilityto detectgearfaults.ThemethodusestheWigner-VilleDistri-
butiontoexaminethevibrationsignalin ajoint time-frequencydomain.Thefrequencydomainalonecan
providethespectralcontentsof thetimesignal.However,it cannotdistinguishphasechangesduringa
completerotation.In otherwords,theFouriertransformaloneassumesthatthetimesignalsarerepeatable
for eachtimedataacquisitionwindowwithoutconsideringtheeffectsof anymagnitudeandphase
changes.Thejoint time-frequencydomainmethodprovidesaninstantaneousfrequencyspectrumof the
systematanumberof pointsthroughouttherotationof thegear.Thejoint time-frequencydomainmethod
displaystheinteractiverelationshipbetweentimeandfrequencyandthusiscapableof displayingany
phaseandmagnitudechangespresent.Resultsof applyingthejoint time-frequencydomainmethodtothe
vibrationdatafromthespiralbevelgearfatiguetestareshownin figure16.Theplotsshownin thisfigure
aretime/frequencyplotsoveronerotationof thepinionatseveraltimesduringthetest,corresponding
directlywith thepiniondamagephotographsshownin figure4.Asseenin figures4and16,progression
of thedamagefromtheinitialpit to toothfractureisreflectedin thetime-frequencyplots.Toothfracture
is indicatedinfigure16(c)bythedisjointedpatternapproximatelycenteredaboutthemeshingfrequency
(2.9KHz).Thejoint time-frequencyplotscontainabundantinformationontheexistenceandextentof
toothdamage.A postprocessingmethodneedstobedevelopedtoextractthisinformationfromthejoint
time-frequencyanalysisresults.

DISCUSSION

Overallresultsindicatethatonly a few of the gear fault detection techniques proved reliable

enough to be used in a HUM system. After applying the different techniques to a number of different gear

types and a variety of gear failure modes, only methods FM4, NA4*, and NB4* responded to gear

damage on a relatively consistent basis. The other methods either gave inconsistent performance over the

various tests, or were very susceptible to minor amounts of noise in the signal.
Of the more successful methods, (FM4, NA4*, and NB4*), none could successfully detect all the

failure modes, with no false alarms. FM4 fails to respond to damage distributed over more than one or

two teeth. In some instances, FM4 responds to initial damage, but reverts back to nominal levels when the

damage progresses. NA4* failed to give a timely response to moderate pitting damage in one test. NA4*

and NB4* also exhibit a sensitivity to speed and load changes, which, in some instances, result in false
alarms.

One of the more successful methods, NA4*, also exhibits the ability to respond to damage

magnitude. Results from the various tests indicate NA4* to be a robust indicator of tooth damage, which

shows an increase in response as the damage increases. As illustrated in figure 13, the level of response of

NA4* is a function of the magnitude of damage. As the damage progresses, the value of NA4* also

increases. From the tests conducted to date, an NA4* response of 15 or greater indicates heavy damage

over nearly the whole face width of one or more gear teeth. With continue refinements, NA4* could also

serve as a damage estimation parameter. The successful detection and estimation of damage magnitude is

a crucial part of a prognostics-based in-flight fault warning system.

The joint time-frequency domain method exhibits good fault detection capabilities, and possibly

damage type and magnitude estimation abilities also. As shown in figure 16, the joint time-frequency



domainmethodproducesacomprehensiverepresentationof thegeartoothdamage.A postprocessing
programisneededto reducetheinformationobtainedintoasingleparameterfor simplefaultdetection.
Thecomprehensiveamountof informationproducedby thejoint time-frequencymethodcouldalso
containinformationondamagemagnitudeandfailuremode.Withfurtherresearch,theresultsfromthe
joint time-frequencymethodcouldalsobeusedfordamagemagnitudeandfailuremodeestimation,
supplementingtheresultsfromothermethods,suchasNA4*.

Combiningthenewpatternclassificationmethod(multiplevaluedinfluencematrix)with the
moresuccessfulfaultdetectionmethodsis thenextsteptowardscreatingahighlyreliablefaultdetection
tool.Thenewpatternclassificationmethodexhibitedbetterresultsthanastandardneuralnet,evenwhen
usingsimplepostprocessedparametersasinput.Becausenoonemethodcansuccessfullydetectall of the
possiblefailuremodesandconditions,thesuccessfulmethodsneedto becombinedintoacomprehensive
detectionscheme.Withthis,theoveralldetectionreliabilitywill begreater,andtheoverallfalsealarms
will belessthananyonemethodbyitself.Thus,bymatrixingtheexperimentallyverifiedfaultdetection
methodsfor inputto thenewpatternclassificationtechnique,ahighlyreliable,integratedfaultdetection
toolcanbecreated.

CONCLUDINGREMARKS

Thispaperpresentedasummaryof thetransmissiondiagnosticsresearchworkconductedat
NASALewisResearchCenteroverthelastfouryears.A varietyof transmissionfaultdetectionmethods
wereappliedto experimentallyobtainedfatiguedata.Based on the results, some overall conclusions can
be made.

1. Of the gear fault detection techniques, no one method can successfully detect all possible
failure modes.

2. The more successful gear fault detection techniques are FM4, NA4*, and NB4*. The newly

developed method NA4* also exhibits damage magnitude estimation abilities.

3. The joint time-frequency domain method results in a comprehensive representation of the

detected fault. A post processing method is needed to reduce the information obtained into a single

parameter for fault detection.

4. Matrixing the successful fault detection methods as input to the new pattern classification

technique is the next logical step to creating a highly reliable, integrated fault detection tool.
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TABLE I.--1990 DIAGNOSTICS SURVEY RESULTS

1 O0

8O

60

40

20

0

Percent of Total Responses

Critical Moderate None

Responded Level of Need

7

6

5

4

3

2

1

Advanced Methods

_=_ (Neural Nets, etc.}

mprove Gear Fault
Detection

improve Bearing
Fault Detection

-_ Improve Planetary

Sys. Fault Detection

Prognostics

(Life Remaining)
:_ VERIFICATION OF

'i! CURRENT METHODS

METHODS TO DETERMINE

DAMAGE MAGNITUDE

TABLE II.--SUMMARY OF COMPONENT FAILURES

FOR THE FIVE TESTS CONDUCTED ON THE

500 Hp TRANSMISSION TEST RIG

Test Failure

Sun gear tooth spall.

Spiral bevel pinion scoring/heavy wear.

2 None

Planet bearing inner race spall.

Top cover housing crack.

Planet bearing inner race spall.

Micropitting on mast bearing.

Planet bearing inner race spall.

Sun gear tooth pit.

Sun gear teeth spalls.

Planet gear tooth spall.

Top housing cover crack.
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TABLE III._COMPARISON OF MULTI-VALUED INFLUENCE MATRIX METHOD

(MIVIM) TO NEUTRAL NET METHOD FOR DETECTION OF TRANSMISSION FAULTS

Case Training Diagnostic

number data sets method

1 1 Net

MVIM

2 5 Net

MVIM

3 1, 2 Net

MVIM

4 1,3 Net

MVIM

Undetected False Total test

faults alarms errors

4 0 4

1 3 4

1 2 3

3 2 5

4 0 4

2 2 4

5 2, 5 Net 3

MVIM 3

6 3,4

3,5

4,5

1,2,5

1,3,4

2,3,4

2,3,5

10

11

12

1,2,4,5

Net

MVIM

Net

MVIM

Net

MVIM

Net

MVIM

Net

MVIM

Net

MVI/Vl

Net

MVI/vl

Net

MVIM

Net

MVIM

Net

MVIM

15

2

0

2 5

2 5

0

0

! 2 3

1 0 1

2 0 2

0 0 0

2 1 3

1 0 1

16 1, 3, 4, 5 Net 1 0 1
MVIM 0 0 0

17 2, 3, 4, 5 Net 2 0 2

MVIM 0 0 0

18 1,2,3,4,5 Net

MV1M

1 0 1

0 0 0

I1



TABLE 1V,--COMPARISON OF AVERAGE RESULTS OF MULTI--

VALUED INFLUENCE MATRIX METHOD (MVIM) TO A

NEURAL NETWORK

Diagnostic Undetected False Total average

method faults alarms tes errors

Neutral net 1.8 0.9 2.7

MVIM 0.9 0.7 1.6

Test-gear

Oil-seal gas flow -7

Viewing port

1

r-- Slave-system
oil inlet

Drive shaft
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r- Shaft oil seal
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t
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\\
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\_-- Oil seal

x\ x
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Figure 1 .--Spur gear fatigue rig at NASA Lewis Research Center.
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A C-92-08289

Figure 2.---Sample of pitting damage on spur gear fatigue rig (spur

test #2).

/
/

!
/

Figure 3.--Spiral bevel gear and face gear fatigue rig at NASA Lewis Research Center.
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Figure 4.--Spiral bevel pinion damage at various times during the test. (a) At t = 5.5 hr. (b) At t = 12.03 hr. (c) At t = 17.79 hr (end).

C-94-01330

Figure 5.---Sample of pitting and tooth fracture damage on face gear fatigue rig (face test #5).
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Figure 6.--500 Hp Transmission test facility at NASA Lewis Research Center.
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Figure 7.--Example results of method FM0. (a) Spur gear test #2. (b) Spiral bevel

gear test. (c) Face gear test #5.
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Figure 8.--Example results of method FM4. (a) Spur gear test #2. (b) Spiral

bevel gear test. (c) Face gear test #5.
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Figure 9.--Example result of method M6A applied to spur gear test #2.
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Figure 13.--Example results of method NA4*. (a) Spur gear test #2. Co) Spiral bevel

gear test. (c) Face gear test #5.

2O



50 --

_ Heavy pitting

on 3 teeth

z

4O

3O

2O u

0 20 40 60 80 100

Run time, hr

I
120

100

75

5O

25

Pit covers 75 %

of I tooth

I Small pit

2 4 6 8

--I-----I .... t---
10 12 14

Run time, hr

Pitting over

majority of

3 teeth, one

with partial
tooth fracture

Load change

induced spike

350

3OO

150

20O

150

100

50

m

n

m

Heavy

wear

2 Teethbroke off

0 2 4 6 8 10 12 14 16 18

Run time, hr

Figure 14.--Example results of method NB4*. (a) Spur gear test #2. 0o) Spiral bevel

gear test. (c) Face gear test #5.

21



o)
0.

30.000
Affected

25.000 Tooth 29 teeth

20.000 I_

15.000

10.000

5.000

0

-5.000

-10.000

-15.000

-20.000

-25.000 _(a)

-30.000

0 0.200 0.400 0.600 0.800

Time, revolutions

1.00

25.000 planet 1

20.000

15.000

10.000

5.000

0

-5.000

-10.000

-15.000

-20.000
1

_25 _ 0O0

_'-(b) I I I I t [ I I
-30.000 I_,,...... I......... 1................................ ,p...................................

_>

0 0.200 0.400 0.600 0.800 1.00

Time, revolutions

Figure 15.--Theoretical results of advanced planetary diagnostic
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